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Wehavedemonstratedacombinedimagingsystem,wherethephysiologyofbiologicalspecimenscanbeimagedandproﬁledat10–
20 frames per second whilst undergoing femtosecond laser irradiation. Individual GH3 cells labeled with the calcium ﬂuorophore
Fluo-3 were stimulated using a counter-propagating focused femtosecond beam with respect to the imaging system. As a result
of the stimulation, calcium waves can be generated in COS cells, and laser-induced calcium oscillations are initiated in the GH3
cells. Single-photon ﬂuorescence images and intensity proﬁles of the targeted specimens are sampled in real-time using a modiﬁed
PerkinElmer UltraView LCI microscope.
Copyright © 2006 Daniel Day et al. This is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.
1. INTRODUCTION
Continued development of optical systems for simultaneous
observation and manipulation of live biological specimens
hasproducedadvancesinunderstandingcellphysiology.Tra-
ditional optical microscopes have given way to multifunc-
tional, multilaser-based observation platforms that provide
us with the opportunity to interact with the specimen on a
subcellular level.
Fluorescence signals of cells can be linked to the over-
all health and integrity of those cells [1], with ﬂuctuations
in the signals indicating eﬀects such as changes in dye load-
ing, ﬂuorescence resonance energy transfer (FRET), ﬂuores-
cence lifetime imaging (FLIM), ﬂuorescence recovery after
photobleaching (FRAP), ﬂuorescence loss in photobleaching
(FLIP), cell activation, and cell destruction. Monitoring the
integrity of biological specimens that are being altered due to
focused femtosecond (fs) irradiation is important to ensure
that no damage is being caused by such illumination. While
limited exposure to high peak intensity laser pulses has been
demonstrated as a successful tool in microsurgical applica-
tions [2–15] and to a lesser extent cell trapping [16, 17], con-
tinued monitoring of cell vitality during exposure and post-
exposure will help to explain the intracellular and extracellu-
lar processes that occur as a result of the exposure.
There are numerous advantages to using femtosecond
lasers in the near infrared (NIR) for manipulating cells as
compared with typical single-photon-induced photo eﬀects,
such as highly localized nonlinear photodamage, increased
penetration depth, and limited heat transfer to sample. The
ﬁnite interaction period of a femtosecond pulse with a cell
provides a mechanism for altering particular cell character-
istics without leading to the destruction of the cell. Recently
femtosecond lasers have been demonstrated as a method for
noninvasiveprocedureslikedissection[15],photodisruption
[12, 18, 19], microinjection [13, 14], and cell transfection
[3]. The use of femtosecond irradiation has also been used to
generate a calcium ion response in HeLa cells [18] and neo-
cortical neurons in rat brain slices [19]. Imaging samples in
real time (typically 25–30 frames per second) have a couple
ofadvantagesoverstandardbeamscanningbasedmodalities.
TheNipkowdisk[20]reducesthehighlevelsofphotobleach-
ing associated with beam scanning conﬁgurations whilst al-
lowing millisecond (ms) monitoring of ﬂuorescence inten-
sity and/or spectrum across the desired samples.
In this paper, we demonstrate the use of real-time single-
photon ﬂuorescence monitoring of cells that are activated
using a femtosecond laser beam. Compared with standard
commercial ﬂuorescence microscopes that use a beam scan-
ning method coupled with photomultiplier tubes (PMTs),2 International Journal of Biomedical Imaging
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Figure 1: Schematic diagram of the modiﬁed PerkinElmer real-time scanning system with counter-propagating focused femtosecond irra-
diation.
the time resolution of the real-time system allows detection
of cellular response to femtosecond irradiation in previously
undetectable time periods. Traditional beam scanning mi-
croscopes can take up to one second to produce an image,
which could lead to distorted images of relatively high-speed
cellular activity. A Nipkow disk scanning microscope can
produce up to hundreds of frames a second depending on
the rotational speed of the Nipkow disk and the data transfer
rate of the CCD camera. The fast imaging times used allow
thissystemtomonitorthespeedbywhichcalciumwavestra-
verse a cell following a short femtosecond laser pulse. Here
we also provide examples of calcium ion (Ca2+) oscillations
being instigated as a result of femtosecond laser pulses.
2. EXPERIMENTAL SETUP
The schematic diagram of the modiﬁed PerkinElmer Ul-
traview LCI microscope is illustrated in Figure 1.T h e
PerkinElmer real-time scanning unit is connected to an
Olympus IX71 inverted microscope. The excitation source
utilized in the real-time system is a ﬁber coupled argon-
krypton laser with excitation bandpass ﬁlters at the wave-
lengths 488nm, 547nm, and 647nm on a stepper motor
controlled ﬁlter wheel (ExF). The excitation beam is then
passed through two matched, rotating disks. The ﬁrst disk
contains an array of micro lenses which focus the light
through the array of pinholes on the second disk (Nipkow
disk). From there the light enters the IX71 microscope and is
focused on the sample with an Olympus LUCPlanFL 40×0.6
objective (Obj 1). The ﬂuorescence light is collected with the
same objective and passed back through the rotating pinhole
array where the dichroic mirror (DM) reﬂects the ﬂuores-
cence into the charge coupled detector (CCD). Another step-
per motor controlled ﬁlter wheel (EmF) located before the
CCD contains the emission ﬁlters.
The source for the femtosecond beam is a Spectra-
Physics MaiTai titanium:sapphire femtosecond pulsed laser
w h i c hp r o d u c e s8 0f sp u l s e sa tar e p e t i t i o nr a t eo f8 0M H z
and an average power of 950mW. The MaiTai has a tunable
wavelengthrangefrom730nmto870nm,whichallowsmul-
tiphoton excitation of most biological dyes and specimens.
The pulse width of the MaiTai laser is not precompensated
before being focused on the sample. It is expected that due
to group velocity dispersion (GVD), there is a broadening of
the femtosecond pulse as it passes through the expansion op-
tics and objective lens (Obj 2). Previous research on measur-
ing the temporal broadening of a femtosecond pulse through
high numerical aperture objective lenses [21, 22] indicates
thatthereisapproximatelya50%increaseinthepulsewidth.
Furtherresearchhasalsodemonstratedthattemporalbroad-
eningthrough1mofsingle-modeopticalﬁbreonlyproduces
a 3.2fs pulse from the original 80fs pulse [23]. It is therefore
projected that the pulse width used in these experiments is
approximately 200fs by the time the pulse is focused on the
sample.
The femtosecond beam is passed through a mechanical
shutter that is used to control the exposure time from mil-
liseconds to hours. The beam is then expanded and directed
through the modiﬁed transmission head of the IX71 micro-
scope, where it is directed down through an Olympus LUM-
PlanFL/IR 60 × 0.9W objective (Obj 2) into the sample. An
over expanded top-hat beam proﬁle is used so that when
the objective is translated, there is no change in the proﬁle
of the focus spot. The objective is mounted in a computer-
controlled x-y stepper motor scanning stage which is used to
control the focus spot within the ﬁeld of view of the imaging
objective. A piezo scanner attached to the objective is used to
position the focus spot in the z axis.
The system can also be used to directly image and mon-
itor the two-photon signal coming from the femtosecondDaniel Day et al. 3
focus spot in a cell by stopping the single-photon excitation
beam with an appropriate beam block in the excitation ﬁlter
wheel.
3. EXPERIMENTS
Experiments to determine the eﬀectiveness of the modiﬁed
system for cell activation using a counter-propagating fem-
tosecond laser beam, with respect to the imaging system,
were conducted on two types of cells. GH3 rat pituitary
cells and COS cells, a simian ﬁbroblast cell line, were used.
Both cell types were grown in 35mm diameter culture
dishes with a 170µm coverglass bottom (MatTek Corp.).
The cells were cultured in Dubelco’s modiﬁed eagle medium
(DMEM) with 20mM HEPES, 10% fetal bovine serum, 2%
penicillin-streptomycin, and 200mM L-glutamine solution
(Sigma Aldrich) in a CO2 incubator at 37◦C. The cells were
then loaded with 2µM Fluo-3 AM (Molecular Probes) for
30minutes at room temperature in DMEM without supple-
ments. After loading, the cells were then washed and ﬁnally
immersed in 2mL of DMEM solution with 20mM HEPES
again without the supplements.
3.1. Femtosecondlaser-inducedcalciumoscillations
Femtosecond laser irradiation of GH3 cells can be used to
induce Ca2+ oscillations. The oscillations in the targeted cell
(cell 1) seen in Figure 2 were initiated in direct response to a
15millisecond exposure of an 800nm, 80fs beam.
The average power of the laser in the focus spot is 8mW.
To image the cells, they were excited with the 488nm laser
line from the Ar-Kr laser and the corresponding ﬂuorescence
was collected after it passed through the 525nm ﬁlter. The
cells were imaged for 54seconds before cell (1) was exposed
to the femtosecond laser beam and then imaged a further
146secondstomonitortheoscillations.Forsuchanextended
imaging period, the frequency of image capturing was de-
creased to 2 frames per second to reduce potential photo-
bleaching. The oscillating ﬂuorescence intensity levels mea-
sured in Figures 2(b)–2(e) were an average of the ﬂuores-
cence intensity over the whole cell.
Theoscillationsgeneratedincell(1)asaresultofthelaser
stimulus triggered oscillations in the neighboring cells (2),
(3), and (4) in response to the possible release of chemical
factors. The exact chemical mechanism that triggers the os-
cillations in neighboring cells is not fully understood but it
is possibly due to the release of extracellular chemical factors
[24] (e.g., growth hormone). The exposure to the femtosec-
ond laser beam results in no permanent damage to the cells,
including the targeted cells, during the period of monitoring
as evident by the continued ﬂuctuations in Ca2+ concentra-
tions.
3.2. Femtosecondlaser-inducedcalciumwave
The same process used to induce oscillations in GH3 cells
can be used to increase the Ca2+ levels in COS cells. The fo-
cused femtosecond laser beam induces a localized increase in
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Figure 2: Fluorescence intensity proﬁles of femtosecond laser-
induced calcium oscillations in GH3 cells versus time. (a) Single-
photon ﬂuorescence image of GH3 cells. (b), (c), (d), and (e) in-
tensity proﬁles of cells (1), (2), (3), and (4), respectively. Cell (1)
was exposed to the femtosecond laser at the time indicated by the
dashed line. The scale bar is 10µm.
the ﬂuorescence signal which is followed by a Ca2+ wave that
travelsaccrossthelengthofthecell,increasingtheoverallcell
ﬂuorescence with it. The Ca2+ wave expands radially away
from the point of interaction, slowing gradually the further
it travels. Figure 3 shows the increase in ﬂuorescence signal
over time.
Due to the high frame rate of the imaging system, it
is possible to measure the velocity of the Ca2+ wave as it
expands across the cell. Figure 4 shows the decrease in the4 International Journal of Biomedical Imaging
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Figure 3: Femtosecond laser induced Ca2+ wave expanding across
a COS cell. Selected images represent images taken at (a) 0second,
(b) 0.4seconds, (c) 0.8seconds, and (d) 1.4seconds after exposure.
The scale bar is 10µm.
measured velocity of the Ca2+ wave as it travels along the
distance of the cell. The cell was exposed to the femtosec-
ond irradiation for 25milliseconds with an average power
of 15mW in the focus. The capture rate of the images was
increased to 10 frames per second in order to image the
traveling Ca2+ wave. The limitation on the frame rate is the
strength of the ﬂuorescence signal of the cell. A weaker ﬂuo-
rescence signal requires a longer exposure time and therefore
a slower image capture rate.
4. DISCUSSION
The combined use of a real-time imaging system and tar-
geted femtosecond irradiation can now be used to study
various aspects of cell physiology on a time scale not pre-
viously achieved. The use of the counter-propagating fem-
tosecond beam provides the freedom to manipulate the sam-
ple in three dimensions while maintaining a simpliﬁed imag-
ing system.
We have also demonstrated that femtosecond pulsed
lasers can be used to initiate intracellular Ca2+ oscillations,
and that this eﬀect might also be useful in initiating oscilla-
tions in adjacent cells. We postulate that this trigger of os-
cillations in neighboring cells is due to extracellular chemi-
cal factors being released from the GH3 cell as a result of the
femtosecondpulse.Thereleaseofthesechemicalfactorsthen
aﬀecttheneighboringcells,inducingcomparableoscillations
in them. We have noticed that cells do not have to be touch-
ing for this to occur. Caution should be used in interpreting
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Figure 4: Velocity proﬁle of a Ca2+ wave as it expands across a COS
cell.
these results, however, as GH3 cells can show spontaneous
oscillations. This ability to induce oscillations in adjacent
cells, when used in conjunction with various chemical an-
tagonists, could open the way for novel methods of micro-
pharmacological research.
T h er a p i dp r o p a g a t i o no fac a l c i u mw a v ea c r o s sac e l lo f -
ten requires real-time imaging in order to observe it fully.
Our system can follow this propagation from the instant the
cell was irradiated with the femtosecond laser.
This system’s ability to micro manipulate the counter-
propagating objective for the femtosecond pulsed laser al-
lowsforthecellstobefemtosecondtrapped,andmoved.The
added ability to monitor cells in real-time means that the vi-
tality of the cells can be monitored simultaneously.
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